A novel double folded quarter mode substrate integrated waveguide (DFQMSIW) resonator is proposed. The dominant resonant mode of the proposed resonator is TE 101 mode. The size of the DFQMSIW cavity is reduced nearly by 94% compared with the conventional SIW cavity. A three order cascaded DFQMSIW filter with a center frequency of 2.84 GHz and a fractional bandwidth of 11.5% is implemented. The measured results show that the filter insertion losses are below −1.8 dB and return losses are better than −15 dB. Good agreement between simulated and measured results demonstrates the validity of the proposed method.
Introduction
Substrate integrated waveguide (SIW) technique has proved to be a low-cost solution for high performance microwave and millimeter wave filters [1, 2, 3] . Most of the advantages of rectangular waveguides are exhibited by SIW structures, namely high Q factor and high power-handling capability with self-consistent electrical shielding and it provides ease of integration with other devices on the same substrate. However, the SIW filters are relatively large in contrast to microstrip planar filters and this is more evident in the lower microwave frequency band.
In order to reduce the size of the SIW devices, some novel structures based on SIW technology have emerged. These include half mode substrate integrated waveguide (HMSIW) [4, 5] , folded substrate integrated waveguide (FSIW) [6] , QMSIW [7, 8] , double folded substrate integrated waveguide (DFSIW) [9] and folded half mode substrate integrated waveguide (FHMSIW) [10] structures. Recently, the eighth-mode SIW (EMSIW) [11, 12] is proposed to design compact microwave components. Compared to the conventional SIW cavity, the size of the EMSIW is reduced by a factor of 87.5% while maintaining an identical dominant resonant frequency.
In this letter, based on the QMSIW and FSIW technologies, a new structure, double folded quarter mode substrate integrated waveguide (DFQMSIW) resonator, is proposed to design the bandpass filter. The proposed DFQMSIW cavity has more than 94% size reduction as compared to the conventional SIW cavity, improving the integration of microwave system greatly.
Analysis of the DFQMSIW resonator
A DFQMSIW cavity may be regarded as a QMSIW cavity folded along the two symmetrical planes. Fig. 1 shows the configuration of the proposed DFQMSIW. The proposed cavity is composed of three conductor layers, two substrates and two right-angle metallic via walls. The square patch is printed on the top metallization layer. There is a L-type slot near the metallic via walls of the middle conductor layer. The bottom metallization layer is a conductor ground plane. Its height is two times of the height of the original SIW, because it has two substrates with height of h.
Conventionally, the square SIW cavity is half a wavelength long with a dominant resonant mode of TE 101 . The resonant frequency of the TE 101 mode is calculated using Equation (1) [13]
W SIW eff ¼ W À 1:08
Where u r and " r are the relative permeability and permittivity of the substrate, respectively. C represents the speed of light in a vacuum. W SIW eff is the equivalent width of the corresponding original square SIW structure. W is the length and width of the square SIW resonator. d and S are the via diameter and the spacing between adjacent vias, respectively. The dominant resonant mode in the proposed DFQMSIW structure is still the TE 101 mode, but Q property is smaller, and its resonant frequency is given by Equation (3) [14],
where W DFQMSIW eff is the equivalent width of DFQMSIW, ÁW is the additional width. ÁW is observed owing to the varied feeding position and the magnetic walls are not ideal due to fringing fields [14] . A DFQMSIW cavity with 9 Â 9 mm 2 area is designed on Taconic RF35 substrate with the relative permittivity of 3.5 and the height of 0.508 mm. Its tan ¼ 0:0018. A conventional SIW cavity with 36 Â 36 mm 2 area is designed in the same condition. The simulated reflection coefficient of different resonators is shown in Fig. 2 . The resonances at the TE 101 mode occurs at 3.08, 3.03 and 3.07 GHz, respectively for the square SIW, QMSIW and DFQMSIW. It should be pointed that the TE 101 mode resonant frequency of the proposed DFQMSIW is almost unchanged compared with the corresponding SIW cavity. Therefore, the DFQMSIW cavity can be used for the circuit size reduction with its footprint about 6% of the conventional TE 101 mode. The field distribution of the fundamental mode is different from that of SIW. The maximum electric field is focused at the slot region in the middle layer, instead of the central area, as shown in Fig. 3 .
DFQMSIW filter design
In this section, The filter is specified to work at 2.8 GHz with a fractional bandwidth of 12%. A three order Chebyshev filter with passband ripple of 0.01 dB is Where M i,i+1 denotes the coupling coefficient between resonator i and resonator i+1, while Q e1 and Q e2 represent the input and output external quality factors.
The schematic coupling topology of the proposed bandpass filter is shown in the Fig. 4 . Because DFQMSIW cavity is not strictly symmetrical along the X axis and the Y axis (as shown in Fig. 3(c) ), M 12 (the coupling between resonator 1 and resonator 2) and M 23 (the coupling between resonator 2 and resonator 3) can't be realized by the same way. The layout of the proposed cascaded DFQMSIW filter is shown in Fig. 5 . The electric coupling is achieved through slot between resonator 1 and resonator 2. The coupling characteristic and coupling strength can be flexibly controlled and modified by adjusting the length (Ls) and width (s1) of the coupling slot. Meanwhile, an S-shaped slot printed between resonator 2 and resonator 3 can produce mixed electric and magnetic coupling. The value of mixed coupling is mainly controlled by the length (Lc) and width (Tc) of the S-shaped slot.
The filter is realized by using the substrate with a dielectric constant of 2.55 and thickness of 1 mm. The dimensions are given below: La = 30 mm, Lb = 10.3 mm, L1 = 8.05 mm, L2 = 7.05 mm, Ls = 8.5 mm, Lc = 7 mm, Lm = 2.25 mm, Wm = 2.9 mm, Ws = 0.7 mm, Tc = 2.8 mm, sc = 0.5 mm, s1 = 1.5 mm. A photograph of the filter is given in Fig. 6 . The measurement was carried out with Agilent E5071C vector network analyzer. Fig. 7 depicts simulated and measured frequency re- sponses. The measured central frequency is 2.84 GHz with a bandwidth of 11.5%. The measured in-band return loss is below −15 dB, while the measured minimum in-band insertion loss is approximately 1.8 dB. Because TE 102 mode of the square SIW resonator is not generated in DFQMSIW cavity, the proposed filter has a very good suppression characteristic in the out-off-band. The S 21 parameter is less than −20 dB in relatively wide-band (from 3.23 GHz to 8 GHz). The energy loss of the proposed filter mainly comes from the material and SMA connectors. The measured results are in good agreement with the simulated ones.
Conclusion
This letter proposed a compact DFQMSIW filter. This miniaturization technique provides a large size reduction compared to QMSIW filters. The proposed DFQMSIW filter has been fabricated and measured, the measured insertion loss is −1.8 dB with the return loss better than −15 dB, and the FBW is 11.5%. It is expected that the proposed filter will find applications in high-performance and high-integration microwave circuit design.
